Lipophilic catechins were synthesized to improve absorption into living bodies and obtain new antioxidants effective in lipid bilayers. The hydroxyl (OH) groups of (þ)-catechin was acylated randomly using lauroyl chloride. The mixture was separated by preparative HPLC, and 3-lauroyl-, 3 0 ,4 0 -dilauroyl-and 3,3 0 ,4 0 -trilauroyl-catechins (3-LC, 3 0 ,4 0 -LC, and 3,3 0 ,4 0 -LC) were obtained, their structures being determined by 1 H NMR. Their radical scavenging activity was measured in a ethanol solution using the 1,1-diphenyl-2-picrylhydrazyl radical, and was compared with that of (þ)-catechin. The activity of 3-LC was almost same as that of (þ)-catechin, but those of 3 0 ,4 0 -LC and 3,3 0 ,4 0 -LC were small, showing that the blocking of phenolic OH groups in the B ring lowered the activity. The scavenging activity on lipophilic radicals in a liposome system was also measured, and the activities were in the order of 3-LC > 3 0 ,4 0 -LC = (þ)-catechin. These results suggested that radical scavenging activity in the lipid membrane depended not only on the number and the relative positions of phenolic OH groups of catechins but also on affinity to the membrane.
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It has recently been shown that green tea extracts and the main constituents, catechins, show various pharmacological effects such as anti-tumor and anti-microbial activities, etc. [1] [2] [3] Most of these have been attributed to the anti-oxidizing action of catechins. But, tea catechins are hydrophilic polyphenols and are strongly watersoluble. Therefore they have low solubility in the cell membrane. This is one reason catechins are not absorbed effectively into living bodies 4) and do not act as an effective antioxidizing agent in a lipid bilayer. To improve this defect, it is natural to consider that catechins will be changed into lipophilic ones by introducing long alkyl chains into them. We have succeeded in chemically synthesizing 3-lauroyl-(þ)-catechin and 3-lauroyl-(À)-epigallocatechin 5) (unpublished data). Recently, Uehara et al. reported enzymatic and chemical syntheses of various 3-acyl-(À)-epigallocatechins and indicated that these derivatives possessing acyl chains of carbon numbers from 8 to 12 showed an effective anti-tumor effect. 6, 7) A few patents were subjected to the synthesis of acylated catechins. [8] [9] [10] [11] But no information on the structures and the properties of poly-acylated catechins has been published.
In this report, we report the result of the synthesis of some lauroyl-(þ)-catechins and the characterization by NMR. In addition, radical-scavenging activity was also examined in a homogeneous solution and in a liposome system. It was expected that these derivatives of catechins are promising lipophilic antioxidants in living bodies and show various pharmacological activities.
Experimental
Synthesis of poly-lauroyl-(þ)-catechins. A commercial (þ)-catechin (Wako Pure Chemicals) was dehydrated completely using a vacuum tube, because it adsorbs about four water molecules per one (þ)-catechin, which results in the loss of large amounts of acylating reagent, lauroyl chloride. The solvent, dioxane (Wako), and pyridine (Wako) were also dehydrated using a molecular sieve. (þ)-Catechin and lauroyl chloride (Wako) were dissolved in dioxane and were mixed at the molar ratio of 1:3 and allowed to stand for four days (reaction 1). The reaction mixture was degassed with N 2 gas and sealed to inhibit oxidation. After the reaction, water was added to the mixture and the precipitation was collected and dried. Another reaction (reaction 2) was conducted at a molar ratio of catechin, lauroyl chloride, and pyridine of 1:2:2 similarly under deoxygenated conditions for four hours. The reaction was performed at room temperature and the reaction mixture was separated with preparative HPLC (Shimadzu, LC-8A) using a reverse phase column (Capcellpak C18 UG120-S5, i.d.; 20 mm, length; 250 mm) equipped with a UV detector at room tempery To whom correspondence should be addressed. Tel/Fax: +81-54-264-5784; E-mail: yoshioka@smail.u-shizuoka-ken.ac.jp Abbreviations: LC, lauroyl-(þ)-catechin; DPPH, 1,1-diphenyl-2-picrylhydrazyl; AAPH, 2,2 0 -azobis(2-amidinopropane); AMVN, 2,2 0 -azobis (2,4-dimethylvaleronitrile) ature. The separating conditions were always the same (injection volume 5 ml; flow rate 8 ml/min; wave length 280 nm) except for the composition of the eluent. NMR spectra were measured with a JEOL GSX-500 Spectrometer at room temperature.
Measurement of the radical-scavenging activity. Radical-scavenging activity in a homogeneous solution was measured using an ethanol solution. Each catechin was dissolved into ethanol (final concentration 2 Â 10 À5 M) and mixed with 1,1-diphenyl-2-picrylhydrazyl (DPPH, Wako) solution (final concentration 1 Â 10 À4 M). The change of the absorbance at 519 nm of the mixed solution was followed using a Hitachi F3000 spectrophotometer at room temperature. The scavenging ratio was calculated by the following equation:
Scavenging ratio
where A sample and A control are the absorbance of the DPPH solutions mixed with the catechin solution and the same amount of ethanol respectively. The change in the ESR intensity of the mixed solutions was also followed to confirm the result obtained from the absorbance. ESR spectra were measured using a JEOL FR30 spectrometer operating with 100 kHz field modulation. The modulation width was 0.25 mT and the output power was 4 mW. The radical-scavenging activity on lipophilic radicals in a lipid membrane was measured using two radical initiators according to the methods of Takahashi et al. 12) and Ioku et al. 13) In the experiment using 2,2 0 -azobis(2-amidinopropane) dihydrochloride (AAPH) as a hydrophilic initiator, 12) 0.8 ml of CHCl 3 solution (5 mM) of egg yolk lecithin (Nihon Yushi), 192 ul of CHCl 3 solution (0.52 mM) of a spin label, 16-doxylstearic acid (16NS, Aldrich) and 100 ul of CHCl 3 solution (1 mM) of lipophilic catechins or methanol solution of (þ)-catechin were transferred into a bottle. The solvent was evaporated by blowing N 2 gas, then eliminated under reduced pressure. Saline water (0.8 ml) was added to the mixture and emulsified using a probe-type sonicator until the solution become translucent, showing that small unilamellar liposome was prepared. During sonication, the solution was cooled with water and N 2 gas was blown to inhibit the oxidation of the lipid. A 200 ul of saline solution of AAPH (400 mM) was added to the solution and voltexed instantaneously. The solution was sucked instantly into a ESR flat cell and the spectra were measured repeatedly as a function of the time after adding the antioxidant, using a JEOL RE3X spectrometer equipped with a variable temperature accessory at 37 C. In the experiment using 2,2 0 -azobis(2,4-dimethylvaleronitrile) (AMVN) as a lipophilic initiator, 13) all the reagents were mixed before liposome preparation. That is to say, 1 ml of CHCl 3 solution of egg yolk lecithin (5 mM), 192 ul of CHCl 3 solution of 16NS (0.52 mM), 100 ul of CHCl 3 or methanol solution of an antioxidant (1 mM), and 100 ul of CHCl 3 solution of AMVN (50 mM) were mixed in a bottle. The mixture was evaporated in the same way as in the case of AAPH, and 1 ml of Tris buffer solution (pH 7.4) was added. Sonication was continued with cooling and blowing of N 2 gas until small unilamellar liposome was formed. The solution was sucked into a flat cell and the ESR spectra were measured in a same manner as in the case of AAPH, but the temperature was set at 50 C because the reaction did not proceed at 37 C.
Results and Discussion

Synthesis and separation of poly-lauroyl-(þ)-catechins
For the purpose of synthesizing lipophilic catechins, acylation of the hydroxyl group is the most expedient. The ester bonds between catechin and fatty acids are enzymatically and chemically decomposable, which assures that acylated catechins will be metabolized in living bodies and are, therefore, expected to be nontoxic. We selected (þ)-catechin in this experiment because it is commercially available as a reagent. It was acylated with lauroyl chloride to obtain lipophilic catechins. A (þ)-catechin molecule has two hydroxyl groups on the A ring and another two on the B and one on the C rings, as shown in Fig. 1 . These hydroxyl groups have different reactivity, so it was considered that various lipophilic catechins will be formed depending on the condition of the reaction. Figure 2 shows the preparative In this reaction, a base, pyridine, was not added, so the acylation was appeared not to proceed rapidly. As it is known that acylation of -OH is more difficult than that of R-OH, we thought that 3-lauroyl derivative would be synthesized predominantly in the reaction without any bases. An intense peak at the retention time 10 min on the chromatogram (designated compound A) was, therefore, expected to be 3-lauroyl-(þ)-catechin, and it was collected. Weak peaks at longer retention times might be poly-lauroyl derivatives but they were not collected. Figure 3 shows the preparative HPLC chromatogram of the reaction mixture of reaction 2 eluted with the solvent composition methanol: chloroform:water = 86.4:9.6:4.0. In this case, pyridine was used and the reaction progressed more rapidly than in the case of reaction 1, but a smaller quantity of lauroyl chloride was used. This was ascertained by the fact that the components having longer retention times increased. Hence the composition of the eluent was changed, the content of chloroform being increased and that of water decreased to quicken the elution. Two peaks, B and C 0 in Fig. 3 -A were collected. Peak B (compound B) was shown to be pure by NMR analysis, but peak C 0 was a mixture, so it was collected and separated again by changing the eluent composition to a more hydrophilic one (methanol:chloroform:water = 85.5:4.5:10.0). Peak C (compound C) was thus collected. The yield of compound A was 45% and those of Compounds B and C were 2.7 and 4.9% respectively. According to their retention times, their hydrophobicity was in the order of B > C > A.
Analysis of NMR spectra
The NMR spectra of the compounds A, B, and C are shown in Fig. 4 together with that of (þ)-catechin and the values of the chemical shift (), and the spincoupling constant (J) of each peak are tabulated in Table 1 . We assumed that the central C ring of (þ)-catechin takes a distorted chair form conformation, as shown in Fig. 5 . The oxygen and C-4 carbon atoms are almost on the same plane as the A ring because of the aromaticity of the A ring. Therefore, C-2 and C-3 carbons locate reversely, upward or downward from the plane. According to their location, the positioning of the B ring is determined. If C-3 carbon locates upward, as shown in Fig. 5 , the B ring takes an equatorial position and extends in the same plane as the A ring. But if C-3 carbon locates downward, the B ring takes an axial conformation and stands on the plane of the A ring. From the energy point of view, it is natural to consider that the equatorial position is preferable because of the repulsive force between bulky groups. Figure 5 shows the actual conformation of (þ)-catechin. Accordingly, protons at the C-2 and C-3 positions direct axially, and one of the two protons at the C-4 position directs axially and the other equatorially, showing that they are not equivalent, as shown in Fig. 5 . If the conformation of (þ)-catechin does not change by the acylation, the lauroyl group attached at C-3 position also extends equatorially in the same molecular plane. All the peaks of (þ)-catechin were assigned undoubtedly to each proton and the values of and J shown in Table 1 were consistent with those reported.
14) The J value between the protons at the C-2 and C-3 positions, J 2{3 , is that of the axial-axial protons as expected.
In the spectrum of compound A, comparison of the integration intensity of the terminal methyl group with those of ring protons revealed that only one lauroyl group was introduced into the molecule. Besides, the value of the C-3 proton shifted from 4.00 to 5.23 by this acylation. The values of the C-2 and C-4ax protons also shifted to lower magnetic field. On the contrary, the values of the protons on the A and B rings did not shift by this chemical modification. Therefore, it was concluded that compound A was 3-lauroyl-(þ)-catechin (3-LC). Small changes of the J values, J 2{3 and J 4ax{3 , may be attributed to a minor change of the conformational angle, induced by the introduction of a large lauroyl group.
In the spectrum of compound C, the integration curve showed that two lauroyl groups were introduced. However, no change was observed in the value of the protons on the C ring in contrast to the case of Compound A. On the contrary, the values of the 2 0 , 5 0 and 6 0 protons on the B ring shifted to lower magnetic field side with the values around 0.5, though no change was observed on those on the A ring. This change is consistent with the tendency observed when -OH was acylated. 14) These results, therefore, lead to the conclusion that compound C was 3 0 ,4 0 -dilauroyl-(þ)-catechin (3 0 ,4 0 -LC). In the spectrum of compound B, the values of the protons on the C ring shifted to the lower magnetic field similarly to the case of compound A, and those on the B ring also to the lower field side with almost same value as compound C. On the other hand, no change was observed in the chemical shift of the A ring protons. Integration curve showed that three lauroyl groups was introduced, so compound B must be 3,3
0 ,4 0 -LC). Since hydrophilicity increases with the quantity of the lauroyl groups introduced, the retention time must be in the order (þ)-catechin < 3-LC < 3 0 ,4 0 -LC < 3,3 0 ,4 0 -LC, consistently with the experimental data. In the spectra of these three lipophilic catechins, the J 2{3 values did not change much compared with that of (þ)-catechin, showing that conformational change was not induced by the acylation and that the B ring kept the equatorial position. In each spectrum of these lipophilic catechins, peaks attributable to the impurity were weak, suggesting that the separation by HPLC was conducted successfully.
Radical scavenging activity of poly-lauroyl-(þ)-catechins
In order to ascertain whether these lipophilic lauroyl catechins really act as antioxidants, we first examined the radical scavenging activity in a homogeneous system, namely in ethanol solution using the DPPH radical. DPPH is deep purple but loses this color when it is reduced to the corresponding hydrazine by antioxidants. Figure 6 shows the change in the absorbance of the DPPH solution after mixing with each catechin solution. When (þ)-catechin was used, absorbance decreased rapidly in the first few minutes, then decreased gradually, and at 12 h later, more than 90% DPPH was scavenged. We have found that one catechin molecule can scavenge DPPH radicals more than the number of -OH in a molecule, which means that other hydrogen atoms can also contribute to the scavenging. 15) Therefore, many scavenging processes using various hydrogen atoms are superposing on the curve in the figure. The rate of scavenging using the -OH on the B ring is far larger than those using the -OH on the A ring. 15) The rapid decrease in the early stage in (þ)-catechin and 3-LC is attributable to the scavenging using -OH on the B ring. On the contrary, 3 0 ,4 0 -LC and 3,3 0 ,4 0 -LC did not show this rapid decrease because the -OHs on the B ring were blocked by the acylation. However, they scavenged more than 20% of DPPH after 12 h. This scavenging was, therefore, attributed mainly to -OHs on the A ring.
The spectrophotometric method described above was precise for measuring the change but was indirect for obtaining information about the radical. Therefore, the ESR intensity change of the DPPH solutions was examined. The result is shown in Fig. 7 . The results obtained by the ESR and spectrophotometric methods were consistent.
The rate and the quantity of radical scavenging in a homogeneous solution might reflect the ability of the molecule itself. However, in a heterogeneous system, for example in a lipid membrane in water, another factor must be considered. It is well known that vitamin E acts more effectively to inhibit lipid peroxidation in a lipid membrane than vitamin C; nevertheless vitamin C has stronger radical scavenging ability from the structural point of view. This is because vitamin E has a larger solubility in the lipid membrane. Similarly, it was expected that lipophilic catechins show higher inhibiting activity to lipid peroxidation than (þ)-catechin, though (þ)-catechin showed the highest activity in a homogeneous solution. For the purpose to examine this expectation, we conducted two experiments, explained in the ''Experimental'' section using two different radical generators. In these experiments, radicals formed from the generator extract hydrogen atoms from unsaturated fatty acids like linolic and linolenic acids forming lipid radicals, and subsequently lipid peroxidation begins. However, a nitroxide radical, 16NS, present in the lipid bilayer reacts with the lipid radical and lipid peroxy radical formed in the membrane and responsible for the chain reaction of lipid peroxidation. As a result, 16NS acts as a radical scavenger and stops lipid peroxidation as well as the antioxidant incorporated in the lipid. Therefore, antioxidant and 16NS react competitively with the lipophilic radical. When the antioxidant reacts more effectively, more 16NS remains alive. So the degree of decrease of 16NS becomes as a measure of the activity of the antioxidant in the lipid membrane. If the antioxidant has strong radical scavenging activity, the ESR intensity of 16NS will not change for a long time. Figure 8 shows the intensity change of 16NS when hydrophilic radical generator AAPH was used. In this experiment, 3,3 0 ,4 0 -LC was not examined because liposomes aggregated rapidly then precipitated when this derivative was mixed in. (þ)-Catechin showed the most prominent antioxidizing activity, and 3-LC was also effective. But, 3 0 ,4 0 -LC did not work as an effective antioxidant. In this system, AAPH decomposes by thermal energy in the water phase and the resulting radical moves into the lipid bilayer and initiates lipid peroxidation. Therefore, scavenging the radical in water also contributes to the decrease in the degree of lipid peroxidation as in the case of lipophilic radicalscavenging in the lipid bilayer. Since all the -OH of 3-LC are alive after lauroylation, (þ)-catechin and 3-LC must have almost the same radical scavenging activity from the molecular point of view. The highest activity of (þ)-catechin, therefore, suggests that scavenging the radical from AAPH in the water phase is more effective than in the lipid bilayer. This is consistent with the fact that the radical-scavenging activity of the molecule of 3 0 ,4 0 -LC was far lower than that of 3-LC and did not work at all in this system. Figure 9 shows the intensity change of 16NS when hydrophobic radical generator AMVN was used. In this system, 3-LC showed the largest activity, and the activities of (þ)-catechin and 3 0 ,4 0 -LC were almost same. The initiating radical formed by the decomposition of AMVN is located in the lipid bilayer, so the radical scavenger in the water phase does not work as an antioxidant to lipid peroxidation in this case. Nevertheless, (þ)-catechin showed the activity, though it was not remarkable. This means that a fraction of (þ)-catechin exists in the lipid bilayer, the solubility being low, and able to scavenge the lipophilic radicals. On the contrary, most of 3-LC exists in the lipid bilayer, so it showed activity larger than that of (þ)-catechin. It is interesting that 3 0 ,4 0 -LC showed activity almost the same as that of (þ)-catechin. From the structural point of view, 3 0 ,4 0 -LC has far lower radical-scavenging activity, as shown in the above experiment. However, 3 0 ,4 0 -LC has high solubility in the lipid membrane, in contrast to (þ)-catechin. Hence this result suggests that the degree of incorporation of antioxidant is also an important factor for lipid peroxidation induced by the initiator in the membrane.
In these experiments using a liposome system, 3,3 0 ,4 0 -LC was not examined. This is because small unilamellar liposome suspension was not prepared successfully in this case and large aggregates were precipitated, as stated above. But 3 0 ,4 0 -LC did not aggregate the liposome. This phenomenon is explained as follows. The 3 0 ,4 0 -LC molecule has two acyl groups but they are adjacent and, therefore can be incorporated side by side into a liposome without disturbing its structure. In the 3, 3 0 ,4 0 -LC molecule, however, an acyl group at the C-3 position extends in a different direction from the two other acyl groups on the B ring. Hence it is impossible to incorporate together these three acyl group in one liposome. It is possible that two acyl groups enter into a liposome and that the one at the C-3 position enters into another liposome, resulting in the aggregation of the liposomes. This is the reason finely dispersed liposome suspension was not prepared in the case of 3,3 0 ,4 0 -LC. These results and discussion indicate that lauroyl (þ)-catechins 3-LC and 3 0 ,4 0 -LC show characteristic radicalscavenging activity in lipid membranes, which leads to the expectation that these lipophilic catechins act as a novel antioxidant effective in living bodies. 
